The surface relaxation and the formation of a single vacancy in very thin Cu (001) film formed by 2 ∼ 14 atomic layers have been studied by using MAEAM and MD simulation. For the surface relaxtion, the highest surface energy is in the = 2 atomic layers. The multilayer relaxation mainly occurs between the first two atomic layers, and the maximum contractive displacement is obtained in the very thin Cu (001) film formed by = 3 atomic layers. For the vacancy formed in = 1 of the very thin Cu (001) film formed by = 2 ∼ 14 layers, the most difficult site in the film formed by = 3 atomic layers.
Introduction
It has been known that the mechanical properties of metallic thin films are quite different from those of bulk materials [1] . However, for nanostrctured metallic thin films, the atomic process in nanostructured metal may not be an extension of that in its bulk [2] [3] [4] [5] . It has been reported that capping of Cu films brings about suppression of diffusional creep [6] and internal stress relaxation [7, 8] for atomic transport in the surface of nm-scale Cu films, which results in mechanically weak Cu/low-dielectric-constant-material interconnects for semiconductor devices [9, 10] . Understanding of the surface relaxation and single vacancy formation in nm-scale Cu film is important.
In this paper, the surface relaxation and the formation of a single vacancy in very thin Cu (001) film formed by 2 ∼14 atomic layers have been studied by using modified analytic embedded atom method (MAEAM) and molecular dynamic (MD) simulation. The MAEAM [11] [12] [13] [14] is obtained by modifying the analytic embeddedatom method (AEAM) of Johnson [15] [16] [17] that is originated in embedded-atom method (EAM) of Daw and Baskes [18, 19] , which is a reasonable potential models in constructing the inter-atomic potentials. By using the MAEAM, the self-diffusion dynamics behaviors of Pd small clusters respectively on Pd (111) and (001) surfaces and Zr small cluster on Zr (0001) surface have been studied successfully [20] [21] [22] .
MAEAM method
In the MAEAM, the total energy of a system E is written as [23] :
where F (ρ ) is the energy to embed an atom in site , ρ is the electron density that is induced at site a by all other atoms in the system and is taken in the original form [15] :
where is the separation distance of atoms and . M(P ) is the energy modification term and is written as [23] :
where P is taken as [24] :
The embedding function F (ρ ) and atomic density ( ) are taken as the forms used by Johnson [16] :
where subscript indicates the equilibrium state, F 0 = E − E 1 , E and E 1 are the cohesion energy and monovacancy formation.
is taken as [12] = √ E Ω
where Ω = The lattice relaxation resulting from the existence of the surface or the vacancy is simulated with the molecular dynamic (MD) method [27] . The forces applied to the i-th atom from the other atoms are calculated by
Where the superscript α (= and ) in of the atom at time by the predictor-corrector method [28] ,
Where − → ∈ ( + ∆ ) is the coordinate predicted at time + ∆ , (∆ ) = 
Calculation process and results
The very thin Cu (001) film is a double-sided slab that formed by 2∼14 atomic layers. A computational cell 5 thickness and is the corresponding atomic number of layers (the same meaning in the whole article), i.e. = 2 ∼ 14. A mantle of atoms fixed at their perfect lattice positions around the computational cell has a complete set of neighbors within the range of inter-atomic potential except for introduction of the surfaces.
Surface relaxation
Surface relaxations were studied by optimizing the atomic positions in the slab. However, only the displacements of the atoms along the surface normal direction are needed to be considered. From the total energy of the computational cell minimization, the schematic diagrams of the relaxed Cu (001) film structure formed by = 2 3 4 and 5 layers can be obtained as shown in Fig. 1 . The surface energy can be expressed as
where E is the total energy of the slab, N is the number of atoms in the slab, and A is the surface area. E is the bulk cohesive energy. The results of the surface energies are given in Table 3 with the other calculated data and experimental value [29] [30] [31] [32] [33] . We can see that the highest value is for the = 2 atomic layers. With the increase in the layer number, the surface energy decreases gradually. From = 9, the surface energy is no longer affected by the atomic layer and the value is very close to the other calculated and experimental values. The multilayer relaxations for the clean surfaces are calculated (Table 4) as the percentage difference in the surface interlayer spacing, , from the layer spacing of the same orientation in the geometry optimized bulk structure, .
From Table 4 , we can seen that the atom displacement mainly occurs between the first two surface atomic layers and the contraction of the first interlayer spacing and expansion of the second are in excellent agreement with the other calculation and experiment. However, the contractive degree of the ∆ 12 = −1 7540 in Cu film formed by = 3 is the biggest. When the thin film thickness is greater than or equal to 2 , i.e. ≥ 5 , the atom multilayer relaxations for the clean surfaces are equal to the bulk. In our simulation model, the smaller the distance between atomic layers, the higher the atom density in the surface. So the maximum atom density is obtained in the very thin Cu (001) film that formed by = 3 atomic layers. This result will affect the formation of a single vacancy in the surface as we can see in the following study.
The formation of a single vacancy in the different (001) atomic layers
A single vacancy is created by removing an atom from the center of atomic layers in the computational cell, = 1 ∼ 2 when is even or = 1 ∼ +1 2 when is odd. The formation energies E 1 for the Cu vacancies are obtained by the following formula:
where E ( −1) and E ( ) are the total energies of the relaxed system with and without a single vacancy, respectively. For the very thin Cu film formed by = 2 ∼ 9 atomic layers, the calculated formation energies for a single vacancy in the different (001) atomic layers along the surface normal direction are listed in Table 5 . In order to make these more intuitive, the formation energies of a single vacancy in the layers ( = 1 ∼ 7 ) in the very thin Cu film formed by = 2 , 3 and 4 atomic layers, = 5 and 6 layers, and = 9 and 10 layers, respectively, are described in Fig. 2 . Additionally, the formation energies of a single vacancy in the layers = 1 and = 2, 3, 4, 5 and 6 layers, respectively, in the very thin Cu film formed by = 2 ∼ 14 layers are described in Fig. 3 .
From Table 5 and Fig. 2 and 3 , it can be seen that the vacancy formation energy 0.5054eV in the one formed by = 3 is the highest in all the values in = 1 formed by = 2 ∼ 14 layers. This can be explained by the larger atom density in = 3 layers as involved in the surface relaxation.
Conclusions
The surface relaxation and the formation of a single vacancy in very thin Cu (001) film that formed by 2∼14 atomic layers have been studied by using MAEAM and MD simulation. The following conclusions can be drawn. a) For the surface relaxtion, the highest surface energy is in the = 2 atomic layers. From the beginning of the = 9, the surface energy is no longer affected by atomic layer. The multilayer relaxations mainly occur between the first two surface atomic layers, and the maxmium atom displacement that is contractive is obtained in the very thin Cu (001) film formed by = 3 atomic layers.
b) For the vacancy formed in = 1 of the very thin Cu (001) film formed by = 2 ∼ 14 layers, the vacancy formation is the most difficult in the very thin film formed by = 3 atomic layers. 
